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OVERVIEW

 Brief introduction on frame-dragging (dragging of inertial 
frames) in theoretical physics

 The LARES satellite (2012) and its main results: 

    TEST of frame-dragging 

with about 3% to 1% accuracy (2019/2021) 
and

TEST of weak equivalence principle at a new range 

and with new materials with 10-9  accuracy (2019).

 The LARES 2 satellite (2022) and its objectives

IV GRM Workshop, Pisa, 14-16 June 2023
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Characterization of frame-dragging by 
scalar curvature invariants 

To distinguish between intrinsic frame-dragging phenomena generated by the
angular momentum of a spinning body (Kerr metric) and effects simply due 
to the motion on a static background (de Sitter effect), we proposed 
(I.C. 1994, I.C. and Wheeler 1995) to use the Chern-Pontryagin pseudo-invariant,
that, for the Kerr metric, is:

½ eabsr Rsr
mn Rabmn = 1536 J M cos q (r5r-6 - r3r-5 + 3/16 r r-4)

In weak-field and slow-motion:

*R · R = 288 (J M)/r7 cos q  + · · · 

Where J = aM = angular momentum 

*R · R is also different from zero in the case of two massive bodies moving with respect 
to each other (calculated using the PPN metric).

See also: A. Matte, Canadian J. Math. 5, 1 (1953), K. Thorne (1986) and B. Mashhoon (2008)

For a comprehensive characterization of gravitomagnetism, using scalar curvature 
invariants, see: F. Costa, L. Wylleman and J. Natario (2021)
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 GARGANTUA: a supermassive 
rotating
black hole: frame-dragging 
plays a key role





Frame-dragging and Kerr metric play a key 
role in the analysis of the emission of 
gravitational waves due to the coalescence 
of two spinning black holes to form a Kerr 
spinning black hole 
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From the 2017 Nobel Prize talk of Kip Thorne
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A great and
fascinating
XX century 
discovery:
the 
accelerating 
supernovae;
dark energy or 
quintessence + 
dark matter 
might
constitute 
about 95 %
of the 
universe!
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The Chern-Simons field equation is:

Where Cab is the Cotton-York tensor:

In Chern-Simons gravity there is a scalar field 
possibly related to quintessence
(Alexander and Yunes. Phys. Rev. Lett. 2007;
Smith, Erickcek, Caldwell and Kamionkowski. Phys. Rev. D 2008).
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Chern-Simons Gravity

*R · R = ½ eabsr Rsr
mn Rabmn is the Chern-Pontryagin pseudoscalar, 

q is a scalar field, g the determinant of the metric, R the Ricci scalar, 
l is a new length parameter, Lmat the matter Lagrangian density.
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In the weak-field and slow-motion approximation we then get:

where:

For a homogeneous sphere with mass density r, of radius R, rotating 
with angular velocity w, outside the sphere we have:
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Where the General Relativity contribution is:

And the Chern-Simons contribution is:



16

We find the ratio of the nodal drag of an orbiting test particle with semimajor axis a, 
between Chern-Simons gravity and General Relativity (for a homogeneous sphere with 
mass density r, of radius R, rotating with angular velocity w):

Where j2 and yl are spherical Bessel functions and mcs is the Chern-Simons mass:

                     
 

 By integrating the Lorentz force equation for a test particle:

may be related to quintessence

where k2 = 8 p 
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• Chern-Simons gravity is equivalent to a type of String Theory (Smith, 
Erickcek, Caldwell and Kamionkowski Phys. Rev. D 2008). In Smith et al. 
is shown that the 4-D string action for a type of string theory may reduce to 
the Chern-Simons gravity action.  See also: Yagi K., Yunes N. and Tanaka T., Phys. Rev. 
D., 86 (2012) 044037 and references therein. 

• Then, on the basis of our 2004-2010 measurements of frame-dragging, 
using the LAGEOS satellites, in 2008, Smith, Erickcek, Caldwell and 
Kamionkowski (Phys. Rev. D 77, 024015, 2008) have placed limits on 
some possible low-energy consequences of string theory that may be 
related to dark energy and quintessence.

• There is a new PPN (Post-Newtonian Parametrized) parameter of 
Chern-Simons theory with limits from LAGEOS, LARES and GP-B. S. 
Alexander and N. Yunes. "New Post-Newtonian Parameter to Test Chern-Simons 
Gravity." Physical review letters  (2007)

• Radicella, Lambiase, Parisi, and Vilasi, Constraints on Covariant Horava-Lifshitz gravity from frame-
dragging experiment, JCAP (2014)

•  S. Alexander and N. Yunes “Chern-Simon Modified General Relativity”, Physics Reports, Volume 
480, 2009, p. 1-55. 

• T. Clifton, P.Ferreira, A. Padilla and C. Skordis, “Modified Gravity and Cosmology”. 
• K. Yagi, N. Yunes and T. Tanaka, Phys. Rev. D., 86 (2012) 044037. 
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mcs ≥ 2 x 10-22 GeV 
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A brief history of the main tests of frame-dragging 

GRAVITY PROBE B: since 1960 the GRAVITY PROBE B space mission was under 
development in USA with the goal of a 0.1% test of frame-dragging. Gravity Probe B was then 
launched in 2004.

LAGEOS (LAser GEOdynamics Satellite) was launched in 1976 by NASA for space geodetic 
measurements.

LAGEOS 3: in 1984-1989, we proposed a new laser-ranged satellite called “LAGEOS 3”, 

identical to the LAGEOS satellite (launched in 1976 by NASA) with orbital parameters 

identical to those of LAGEOS but a supplementary inclination, that is with inclination I = 

70.16 ° and semimajor axis = 12270 km. A number of ASI and NASA studies confirmed its 

feasibility to measure frame-dragging (I.C. 1984/1986/1989, B.Tapley, I.C et al. NASA/ASI 

study 1989/1990, J. Ries 1989 …). 

LAGEOS 2: the LAGEOS 2 satellite was launched in 1992 by ASI and NASA for space 

geodetic measurements.

LAGEOS and LAGEOS 2, 1997/1998: the first rough observation of frame-dragging was 
obtained using the data of LAGEOS and LAGEOS 2 (I.C. et al. CQG 1997, Science 1998). 
However, the use of the perigee of LAGEOS II introduces

large biases in the test of frame-dragging as shown by J. Ries et al. 



GRACE, 2002: the DLR (GFZ) and NASA (CSR) space mission GRACE was launched to 
accurately measure the Earth’s gravity field.

LAGEOS and LAGEOS 2, 2004-2010: the  first measurement (with accuracy of about 10%) of 
frame-dragging was published (I.C. et al. Nature 2004, General Relativity and J.A Wheeler book 
2010, etc.) using GEODYN. Independently confirmed by the Univ. of Texas at Austin (2008/2009, 
with UTOPIA) and GFZ-DLR (2010, with EPOSOC).

Gravity Probe result, 2011-2015: a measurement of frame-dragging was published with about 

19% accuracy (Phys. Rev. Lett. 2011 and CQG 2015).

LARES first results, with LAGEOS and LAGEOS 2, 2016: a measurement of frame-dragging 

was published with approximately 5% accuracy (I.C. et al. Eur. Phys. J. C, 2016).

LARES 7-year results, with LAGEOS and LAGEOS 2: a measurement of frame-dragging was 

published with accuracy between 2% and 1% (I.C. et al. Eur. Phys. J. C, 2019). 

Independently confirmed in 2020 by Lucchesi et. al.

LARES 10-year results, with LAGEOS and LAGEOS 2: a recent measurement of frame-

dragging with accuracy between 2% and 1% (I.C. et al., 2023). 

GRACE-FO, was launched on May 22, 2018

LARES 2, launched in July 2022, to reach accuracy of approximately 0.1%
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GRAVITY PROBE B

GRAVITY PROBE B,
1960-2015
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Satellite Laser Ranging
(and Lunar Laser Ranging)
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l=3, m=1

     Using two satellites with supplementary 
inclinations, one can eliminate all the 
uncertainty due to all the even zonal         
harmonics J2n (of even degree and zero 
order), i.e. all the axially symmetric 
deviations of the Earth potential from 
spherical symmetry also symmetric with 
respect to the Earth’s equatorial plane.
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The classical rate of change of the node of a satellite 
is a function of its orbital parameters, a, I, e, and Earth’s 

parameters: mass, radius and even zonal harmonics J2, J4, …

Whereas frame-dragging does not depend on the inclination I of 
a satellite 
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The idea of the LARES 2/LAGEOS 3 experiment: I.C. Phys. Rev. Lett. 1986, I.C.

Ph.D. dissertation 1984, I.C. IJMPA 1989, B. Tapley, I.C. et al, NASA and ASI studies 1989, J. 

Ries 1989).
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IC, PRL 1986: 
Use of the
nodes of two 
laser-ranged 
satellites to
measure the
Lense-Thirring
effect
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IC, IJMPA 1989: 
Analysis of the orbital 
perturbations affecting 
the nodes of 
LAGEOS-type 
satellites

(1) Use two LAGEOS 
satellites with 
supplementary
inclinations to eliminate
the effect of all the J2n

OR:
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Use n satellites of
LAGEOS-type
to measure the first
n-1 even zonal
harmonics: J2, J4, …
and the frame-dragging
effect (IC IJMPA 1989)
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IC NCA 1996:
use the node of 
LAGEOS and the 
node of LAGEOS II
to measure the
Lense-Thirring
effect

However, in 1996 
the two nodes were
not enough to 
measure the
Lense-Thirring
effect



  

The LAGEOS 3 satellite was never funded but in 2002 the GRACE space
mission was launched.

Use of GRACE to test Lense-Thirring at a few percent level:
J. Ries, et al. 2003 (1999), E. Pavlis 2002 (2000) 30



31Earth gravity field anomalies by GRACE  
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From 2004 to 2010,
 using LAGEOS 
+ LAGEOS 2 and 
the GRACE 
determinations of 
the Earth 
gravitational field 
we were able to 
measure the 
frame-dragging 
effect and 
eliminate the 
uncertainties in J2 
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Triangles: CSR UT-Austin: with orbital estimator UTOPIA
Squares:  GFZ-Helmholtz Inst.-Germany: with orbital estimator EPOSOC
Circles:    Univ. Salento-Rome-Maryland (NASA Goddard): with orbital estimator GEODYN

A number of independent measurements 
were obtained and published from 2004 to 2010 
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   The first results with GRACE and 
LAGEOS were published in 
Nature Letters in 2004 and 2007
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Observed value of 
Lense-Thirring effect = 
99% of the general 
relativistic prediction. Fit 
of linear trend plus 6 
known frequencies

General relativistic 
Prediction = 48.2 mas/yr

Observed value of 
Lense-Thirring effect using
The combination of the 
LAGEOS nodes and GRACE 

I.C. & E.Pavlis, 
Letters to NATURE,
431, 958, 2004.



Detailed results with GRACE and LAGEOS were published in J.A Wheeler Book (I.C. et al., 2010) 
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LARES (LAser RElativity Satellite)

    LARES was successfully launched and very accurately 
injected in the nominal orbit on the 13th of February 2012 
with the VEGA launching vehicle. 
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      USING THE 3 OBSERVABLES 
PROVIDED BY THE 3 NODES 
OF LAGEOS, LAGEOS 2 AND 
LARES WE ELIMINATE THE 
2 UNCERTAINTIES DUE TO 
J2 AND J4 AND MEASURE 
FRAME-DRAGGING
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Using LARES + LAGEOS +LAGEOS 2 
and the GRACE determinations of the 
Earth gravitational field we were able to 
measure the frame-dragging effect and 
eliminate the uncertainties in J2 and J4. 

LARES, combined with the LAGEOS 
and LAGEOS 2 orbital data and using 
the GRACE Earth gravity field 
determinations, provided 
measurements of frame-dragging, 
with accuracy between 1% and 3%
(depending on the estimate of the
systematic errors) and a test of the 
weak equivalence principle with 
accuracy of about 10-9.
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The 
GRACE
gravity 
field 
model
GGM05S
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Main parameters of the Monte Carlo simulation (100 simulations with GFZ) 
I.C. et al., Class. and Quantum Grav., 2013
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Residuals (in green) of the 100 Monte Carlo simulation of the 
LARES experiment. In red is the theoretical prediction of GR

Mean value of the measured simulated frame 
dragging = 100.25% of its theoretical GR value

Standard deviation: 1.55 %
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Fit of the cumulative combined observed nodal residuals of LARES, LAGEOS 
and LAGEOS 2 with a linear regression plus the five main periodical terms 
corresponding to the five main tidal perturbations (I.C., et al., EPJC, 2019)

Experimental result: 
99.1% of GR theoretical prediction of frame-dragging

Estimated total systematic error 
between 1% and 3% (mainly 
due to the uncertainties in the 
Earth gravity model GGM05S)
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Cover of EPJC (03.2016) 
dedicated to tests of frame-
dragging with LARES
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Section of “Giornata Prima” (First 
Day) of Galileo Galilei, Discorsi e 
dimostrazioni matematiche intorno 
a due nuove scienze attenenti alla 

meccanica e i movimenti locali 
(1638, Leiden, Netherlands)

«Galilei: The father of modern physics and 
modern science» (Albert Einstein, 
Stephen Hawking et al.)
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A test of the Weak Equivalence Principle 
with LAGEOS, LAGEOS 2 and LARES

Using the three laser-ranged satellites LAGEOS, LAGEOS 2 and LARES, we 
obtained a new confirmation to approximately one part in a billion of the weak 
equivalence principle (“uniqueness of free fall”) in the Earth’s gravitational field, 
at previously untested range and with previously untested materials:

Range: from about 7820 km to 12220 km

Materials: Aluminum and brass (LAGEOS and LAGEOS 2) versus sintered 
tungsten (LARES)

I.C. et al. Scientific Reports-Nature, 9, 1-10 (2019).
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Nature Scientific Reports 2019
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LARES 2 (LAGEOS 3)

The LARES 2 (LAGEOS 3) satellite was launched in July 2022 for 
tests of frame-dragging at a level of accuracy of about 0.1% 
accuracy and for other tests of General Relativity and Fundamental 
Physics (and measurements in space geodesy and geodynamics.
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• I.C., A. Paolozzi, E. C.Pavlis, G. Sindoni, R. Koenig, J. C. Ries, R. Matzner, 
     V. Gurzadyan, R. Penrose, D. Rubincam and C. Paris, I. 
     An introduction to the LARES 2 space experiment, EPJ P 132: 336 (2017).
• I.C, et al., II. Monte Carlo simulations and covariance analyses of the LARES 2 
     experiment, EPJ P 132: 337 (2017). 
• I.C., Richard Matzner, Vahe Gurzadyan and Roger Penrose, III. 
     de Sitter effect and the LARES 2 space experiment, EPJ C 77:819 (2017).
• I.C, et al., IV. Thermal drag and the LARES 2 space experiment EPJ P, 133, 2018.
• A. Paolozzi, et al., A. JOURNAL OF GEODESY, 1-10 (2019). 
• M. Pearlman, et al., JOURNAL OF GEODESY, 1-14 (2019).
• A. Paolozzi, et al., AER. MISS. SPAZIO, 97, 135-144 (2018),
• F. Felli, et al., PROCEDIA STRUCTURAL INTEGRITY, 9, 295-302 (2018).
• D. Pilone, et al., FRATT. INTEGR. STRUTT., 56, 56-64 (2021) 
• I.C. and C. Paris, THE EUROPEAN PHYSICAL JOURNAL PLUS, 136(10), 1030 (2021).
• I.C., A. Paolozzi, E.C. Pavlis, J.C. Ries, R. Matzner, C. Paris, E. Ortore, V. Gurzadyan, 
     and R. Penrose, The LARES 2 satellite, general relativity and fundamental physics. 
     THE EUROPEAN PHYSICAL JOURNAL C, 83:87 (2023).
• Based on earlier proposal: I.C., PHYS. REV. LETT. (1986); I.C., 
     Ph.D. dissertation (1984); 
     I.C., IJMP A (1989); B. Tapley, I.C. et al, NASA and ASI studies (1989), 
     J. Ries Ph.D. (1989).

MAIN PAPERS ON LARES 2





LARES 2 of the Italian Space Agency ready for launch with VEGA C
53
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LARES 2/LAGEOS 3



About 35 years ago in the office of John Archibald Wheeler
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LARES 2: what is new with respect to LAGEOS 3?

1) The Earth gravity field knowledge and the even zonal harmonics 
determinations are today extremely improved thanks to the GRACE 
and to the GRACE Follow On (May 22, 2018) space missions.
The Earth quadrupole moment, J2, is improved by a factor of more 
than 100 with respect to the Earth gravity field determinations in 1984! 

2) The knowledge of other orbital perturbations, such as the Earth’s 
tidal perturbations, is greatly improved with respect to 1984.

3) The satellite structure is quite improved with respect to all the other 
laser-ranged satellites: using the new 1 inch retroreflectors we can today 
reach less than 1 mm precision in ranging.

4) The satellite LARES 2 has been injected by VEGA C into the special orbit 
supplementary to LAGEOS with better accuracy than in 1984. 
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Error Budget of test of frame-dragging with LARES 2
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Monte Carlo simulation 
main parameters with their sigmas (gravity field GOCO05S: 2015)  

 

I.C., et al., II. Monte Carlo simulations and covariance analyses of the LARES 2 
experiment, EPJ P 132: 337 (2017). 
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Monte Carlo simulation of the LARES 2 experiment: size of the
node residuals of LARES 2 and LAGEOS after about 1000 days with 
respect to frame-dragging (about 90 milliarcsec/1000-day)

I.C., et al., II. Monte Carlo simulations and covariance analyses of the LARES 2 
experiment, EPJ P 132: 337 (2017). 
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Result of the Monte Carlo simulation: when the LAGEOS and 
LARES 2 orbits are combined the spread is at the level of 
about 0.15% of frame-dragging!
I.C., et al., II. Monte Carlo simulations and covariance analyses of the LARES 2 
experiment, EPJ P 132: 337 (2017). 



63

Similarly, with a covariance analysis of the LARES 2-LAGEOS 
experiment, we found:

frame-dragging = 1.0007± 
0.0019 

I.C, et al., II. Monte Carlo 
simulations and covariance 
analyses of the LARES 2 
experiment, EPJ P 132: 337 (2017). 



64

* Frame-dragging was measured in 2019/2021 with accuracy 
(systematic errors) of about 2%-1% using almost 10 years of 
LARES + LAGEOS + LAGEOS 2 observations

* LARES 2 was launched in 2022 and after a number of years of 
data we may reach an accuracy of about 0.2%-0.1% in testing 
frame-dragging, plus other tests of fundamental physics

Using LAGEOS, LAGEOS 2 and LARES we obtained a test of the 
equivalence principle at a new range and with new materials with 
an uncertainty (systematic errors) of about 10-9
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The 1.5 inches retro-reflector on LAGEOS, LAGEOS 2, LARES and 
the 1 inch retro-reflector on LARES 2
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 LARES 2012

 LARES 2, 2020



67LARES 2: ready for launch in 2022



Roger Penrose at ASI
International LARES meeting
2019 



ASI
2022

with:

Giorgio 
Saccoccia,
Mario Cosmo,
Kip Thorne,
Roger Penrose,
Igor Novikov,
Paul Davis,
Richard 
Matzner,
Vahe 
Gurzadyan,
Sergei 
Kopeikin
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THANK YOU!
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BASIC IDEA AND METHOD

• The potential energy of body 1 in the field of body 2 could 
in principle be of the type:

Where - GM1M2/r is the standard Newtonian potential energy (representing the 
Newtonian gravitational theory as the lowest order approximation of GR), G is the 
gravitational constant, M1 and M2 are the masses of the two bodies, b1 and b2 are some 
composition dependent propertiesof bodies 1 and 2, defining the additional 
interaction, r is the distance between the two bodies and Lamda the Yukawa range of 
the additional interaction.
 

I.C. et al. Scientific Reports-Nature, 9, 1-10 (2019).



Mario Cosmo and 
Roger Penrose 
at ASI 2022
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If there is a breakdown of the equivalence principle, the main leading terms 
producing a residual (unmodelled or non-modelled) additional radial acceleration 
of each of the three satellites LAGEOS; LAGEOS 2 and LARES, are: 

So we have three unknowns:

I.C. et al. Scientific Reports-Nature, 9, 1-10 (2019).
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For the three satellites LAGEOS, LAGEOS 2 and LARES, the residual 
radial accelerations are experimentally determined by the Satellite Laser Ranging 
observations and our orbital estimators GEODYN (EPOS-OC and UTOPIA)
 
Therefore, we we have three unknowns for the three observables (the three 
residual radial accelerations).
 
The error in the determination of the radial distance of each satellite is the main 
bias in the measurement of the three unknowns. It is at the level of a few 
millimeters for the three satellites.

So in conclusion we found:

where:

I.C. et al. Scientific Reports-Nature, 9, 1-10 (2019).
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After about 7 years of laser-ranging data of the LARES satellite, 
together with LAGEOS and LAGEOS 2 and with the improved Earth’s 
gravity models, we measured (2019) the frame-dragging effect with 
accuracy of about 2%, with other implicational for fundamental 
physics such as improving the limits on Chern-Simon mass and 
placing further limits on String Theories equivalent to Chern-Simon 
gravity. Furthermore, LARES provided a test of the weak equivalence 
principle at a new range and with new materials with about 10-9 
accuracy.

      Thus, LARES-type satellites could test other fundamental physics
      effects and much improve the existing limits on frame-dragging and
      Chern-Simon mass. 
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Design of LARES 2 by Antonio Paolozzi and the LARES team of 

Sapienza and Salento Universities
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GRAVITOMAGNETISM

There is a interesting analogy of weak-
field and slow-motion General Relativity 
with electromagnetism

Magnetic field B, gravitomagnetic
field H and the precession of a 
magnetic dipole m and of a gyroscope S
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EIGEN-GRACE02S Model and Uncertainties 
Even 
zonals
  lm

Value

· 10-6

Uncertainty Uncertainty 
on node I

Uncertainty 
on
node II

Uncertainty 
on perigee II

20
-484.16519788

0.53 · 10-10  1.59 WL T 2.86 W L T   1.17 w L T

40 0.53999294 0.39 · 10-11  0.058 WL T  0.02 WL T   0.082 w L T

60 -.14993038 0.20 · 10-11  0.0076 W L T  0.012 W L T   0.0041 w L T

80 0.04948789 0.15 · 10-11  0.00045 WL T  0.0021 W L T   0.0051 w L T

10,0 0.05332122 0.21 · 10-11  0.00042 W L T 0.00074 W L T 0.0023 w L T82
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Chern-Simons Gravity

*R · R = ½ eabsr Rsr
mn Rabmn is the Pontryagin pseudoscalar, q is a 

Scalar field, g the determinant of the metric, R the Ricci scalar, l is a 
new length parameter, Lmat the matter Lagrangian density.

The dynamical equation for the scalar field q is: 



89LARES of the Italian Space Agency, launched in 2012
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days

Fit of the cumulative combined observed nodal residuals of LARES, LAGEOS and 
LAGEOS 2 over about 7 years with a linear regression: published in EPJC 2019 
(Ciufolini et al.)
 



 ➤ In GR spacetime curvature is generated by mass-energy     

     currents: εuα 
                     Gαβ = χ Tαβ = χ [(ε +p) uα uβ + p gαβ

It plays a key role in high energy astrophysics (Kerr metric)
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Intuitive characterization of 
DRAGGING OF INERTIAL FRAMES 
(FRAME-DRAGGING as Einstein named it in 

1913)
 

  ➤ In electromagnetism, by the Maxwell-Ampère equation, 
      a magnetic field is generated by electric currents: 

▽ x B = m0 j + m0 e0 ∂tE
However, in Newtonion gravitation, by the Poisson equation,

       only mass generates a gravitational field: 

                              △U = 4pGr
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EIGEN-GRACE-S (GFZ 2004)
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